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Abstract

We have searched for the production of a neutral gauge boson (Z’) with mass above 100 GeV/c?
in pp collisions with the CDF detector. We present a 95% confidence level (C.L.) limit on the
2’ — p*tu~ production cross section. We combine the 2’ limit with that from our previous dielectron
search; the combined result sets a limit of Mz, > 412 GeV/c? (95% C.L.), assuming Standard
Model coupling strengths. In addition, the absence of any evidence for an effective muon-quark
contact interaction is used to set a lower limit of 1.8 TeV {95% C.L.) on an associated muon-quark

compositeness scale.



PACS numbers: 13.85.Rm, 12.15.Cc¢, 14.80.Er

Neutral gauge bosons in addition to the Z° are expected in many extensions (1] of
the Standard Model (SM) such as Grand Unified Theories and left-right symmetric models.
These models typically specify the strengths of the couplings of the Z’ to quarks and leptons
but make no predictions for the Z’ mass. To date there is no experimental evidence for the
existence of a Z’. Lower limits on the Z' mass have been inferred from neutral current {2]
and atomic parity violation [3] experiments, and from astrophysical arguments [4]. In Pp
collisions, Z’ bosons may be observed directly via their decay to lepton pairs. Observation
of such events would provide dramatic evidence for physics beyond the Standard Model.
Direct searches for Z’ bosons with masses above Mz by the UA1l and UA2 experiments
have resulted in limits of Mz > 173 GeV/c? (90% C.L.) [5] and 218 GeV/c? (95% C.L.)
(6] respectively. A search by the CDF Collaboration for Z' — ee has set a limit of Mz >
387 GeV/c? (95% C.L.) [7]. Here we report an extension of the CDF search to include the
dimuon decay channel. When we combine the muon and the electron results, the Z' Limit
improves significantly. As in the previous searches, the mass limits are derived assuming the
coupling strengths of the Z’ to quarks and leptons to be the same as those for the Standard
Model Z°. However, we also show that the limit on the 2’ cross section times branching
ratio to charged lepton pair (¢(2’) - By) is quite insensitive to the choice of theoretical
model, allowing mass limits to be easily extracted for many different models.

The search reported here is based on data collected with the CDF detector during
the 1988-89 ﬁm, corresponding to a total integrated luminosity of 3.54 pb~!, The detector
is described elsewhere [8]. The trigger used in this search requires the central muon (CMU)
trigger in coincidence with at least one hit in each of two arrays of scintillator counters
located on each side of the interaction point. The CMU trigger requires a track in the
central tracking chamber (CTC) with a transverse momentum (Pr) greater than 9 GeV/c
and with a matching track segment in the muon detector. The efficiency of the CMU trigger

is measured to be 0.91+0.02 [9] for muons with Pr >20 GeV/c. From events satisfying this



trigger, we select a dimuon event sample by requiring that each event contains a high-
Pr (>20 GeV/c) muon candidate (Class-I muon) and at least one other high-Pr (>20
GeV/c) charged track (Class-II muon). A Class-I muon is required to have a CTC track
that extrapolates within 2 cm of a track segment in the fiducial volume of the central
muon chambers. The track is also required to satisfy the following isolation requirement:
(X E$™ - Ep*)/Pr* < 0.1, where 3" E$*™ is the sum of the transverse energy (Er =
E - sinf) deposited in the calorimeter in a cone around the track direction with radius R =
VATT+ (847 = 0.4 [10], Ex# is the transverse energy deposited in the calorimeter cell
traversed by the muon candidate, and Pr* is the beam-constrained momentum of the muon
candidate. Using the beam constraint, the Pr resolution is A Pr /Pr =0.0011Pr (GeV/c)™L.
In addition, the energy in the electromagnetic and hadronic calorimeters associated with the
track is required to be consistent with that of a minimum ionizing particle. The coverage of
the central muon detector limits Class-I muons to the region || < 0.6, For the Class-II muon
candidate we only require a high-Pr track with |n| < 1.4. This requirement ensures that it
penetrates a sufficient number of CTC layers to provide a reliable momentum measurement.
The two tracks in the event are required to have opposite charges and to originate from
a common vertex within + 60 cm of the nominal interaction point along the beam line.
Cosmic ray events are removed by eliminating events in which two tracks are back-to-back
(|A¢ — x| < 0.035 and | + 79| < 0.2) and the relative timing of the hits in the CTC layers
is inconsistent with that of tracks originating from the interaction region. The selection
efficiency is 0.90 £ 0.05 for Class-I muons and 0.99 + 0.01 for Class-II muons in the central
region (|n| < 1.0). The Class-II efficiency decreases with increasing |5 to a value of 0.45 +
0.06 at |n| = 1.4 [7], due to progressively fewer CTC layers being available for track-pattern
recognition.

The invariant mass distribution of the muon pairs for M,+,- > 40 GeV/c? is shown
in Fig. 1. The final sample consists of 148 events; there are no events with M, ,- > 155

GeV/c3. If the opposite-sign requirement is relaxed, two same-sign dimuon events pass the



selection criteria, one with a mass in the Z° region and one with a lower mass. Both of
these events have large missing transverse energy {(Er > 20 GeV) [11]. Such events are
expected to come from W+jet processes, where the W decays via W — uv and the jet
contains a charged particle with Pr > 20 GeV /c. We estimate the residual contamination
from cosmic rays in our dimuon sample to be less than one event. Since the expected
number of background events is small (there are only two same-sign events and no events in
the high invariant mass region), we take a conservative approach and make no background
subtraction when setting the ¢(Z') - By limit,.

The dimuon acceptance as a function of Mz: is determined using a sample of Z7 —
utu~ events produced by the ISAJET [12] event generator. The generated events are
simulated with a simple detector model and are corrected for the efficiencies of the selection
tequirements. The total efficiency, including the geometrical acceptance, is estimated to
be =~ 16% for dimuons at the Z° mass and rises to ~ 30% for larger dimuon masses (the
acceptance rises with mass because heavier Z’ bosons are produced more centrally). The
predicted invariant mass distribution for the Standard Model Drell-Yan process (v and Z%)
is superimposed on the data in Fig. 1. The Monte Carlo events are normalized to the
predicted Standard Model cross section using the HMRS(B) parton distribution functions
{13]. The two distributions are in very good agreement,

To obtain a limit on o(2') - By, we fit the observed dimuon invariant-mass distri-
bution to a superposition of predicted distributions from the Standard Model Drell-Yan
process and Z’ production of a given mass using a binned maximum-likelihood method [14].
The fit is repeated for a variety of Z’ masses in the range 92 - 450 GeV/c?. SM couplings
are assumed in generating the 2’ events and the Z’ width is set equal to the Z% width scaled
by the kinematic factor Mz: /Mze.

In order to obtain a limit on o(Z') - By, we must fold the systematic uncertainties
into the result of the fit. The systematic uncertainties are: (1) an overall 6.8% uncertainty

in the luminosity normalization [15], (2) a mass-independent uncertainty of 5.7% associated



with the determination of the efficiency of the dimuon selection criteria, and (3) a rnass-
dependent uncertainty that ranges from 5% at Mz = 92 GeV/c? to 10% at Mgz = 400
GeV/c?. This mass dependent uncertainty comes from higher-order QCD corrections which
introduce an uncertainty in the overall scale factor of the Z‘ production cross section.
For each Z' mass considered, these uncertainties are numerically folded into the likelihood
function [14]. The 95% C.L. upper limit on ¢(Z’) - B(2' — utu~) is shown in Fig. 2.

We combine this dimuon result with our previously reported dielectron result [7]
to obtain an improved o(Z’') - By limit. The Z° and Z' mass distributions are generated
using the same Monte Carlo procedure and are corrected for the different electron and muon
efficiencies and detector resolution effects. In both cases the Monte Carlo distributions are
normalized to the number of events expected using SM couplings. The number of Z% we
observe in both electron and muon channels is consistent with what we expect from the
Standard Model {15]. We fold the systematic uncertainties into the likelihood functions
for the combined limit. Uncertainties in the electron and muon selection efficiencies are
taken to be uncorrelated; those from QCD corrections and luminosity are fully correlated
between the two channels. The o(Z')- By limits (95% C.L.) for the electron and for the
combined electron and muon channels are shown in Fig. 2. Fig. 2 also shows the prediction
for ¢(Z') - By, assuming SM couplings and the HMRS(B) parton distribution functions.
From the intersection of this curve with the experimental limit for the combined dilepton
channels we set the lower mass limit of 412 GeV/c? {95% C.L.).

We derive limits on the mass of a Z’ for a range of Z’ couplings predicted by a
variety of theoretical models. Model differences that may affect the o(2’) - By limit are the
Z' width (T'z) and the coupling strengths to u- and d-quarks. To cover a representative
range of I'z: values we consider models based on the Eq symmetry group [16]. For cases
where the Z’ decays only to SM fermions, these models predict narrower widths than that
expected for SM couplings (I'S}). For cases where the Z’ decays to all of the fermions and

supersymmetric fermions in the model, I'z: can be twice as large as T'$Yt. We obtain limits



of o(2'} - By using a range of 'z from 0.15 to 2.0 times I'$Y. We find the ¢(2') - By limit
is insensitive to these changes of 'z for Z' masses above about 120 GeV/¢?. Variations
in the coupling strengths to u- and d-quarks can cause changes in the acceptance because
of differences in the parton distribution functions. To study this effect we consider two
limiting cases: i} a Z' that couples to d-quarks but not to u-quarks, and ii) a 2’ that
couples to u-quarks but not to d-quarks. For Z’ masses above 200 GeV/c?, the acceptance
changes very little for either of these cases from that derived with SM couplings. For masses
below 200 GeV/c?, there are small differences in the acceptance for the two cases. Case i)
yields a somewhat higher acceptance than the standard case, case ii) yields a slightly lower
acceptance. The limit extracted using SM couplings is a conservative estimate of the limit
for case i), while it is almost identical to that for case ii) down to a dilepton invariant mass
of 100 GeV/c?. Hence, the experimentally obtained o(Z’) - By limit using SM-couplings
can be compared with the o(Z"') - By prediction from any theoretical model, as long as the
width of the predicted Z’ is less than 23M for Mz > 120 GeV/c3.

Figure 3 shows our combined o(Z’) - By limit (solid line) together with predictions
from four popular Eq models (dashed lines) [16]. In each plot the upper dashed curve
corresponds to the model’s prediction for Z' decaying only to SM fermions; the lower dashed
curve is the expectation for Z’ decaying to all fermions in the model. For these calculations
we assume the masses of the t-quark, supersymmetric fermions, and exotic fermions to be
140, 150, and 45.5 GeV/c?, respectively. The intersections of the dashed curves with the
o(2Z') - By limit set the lower mass limits (95% C.L.) for each model.

The absence of high mass dilepton events in Pp collisions is also used to set a limit
on the scale of an effective lepton-quark contact interaction AF,, which would signal lepton-
quark compositeness [17]. The choice — (+) corresponds to constructive (destructive) inter-
ference with the dominant u-quark contribution to the cross section. Our previous results
from the electron channel (7] have set limits on the scale of contact interactions between

electrons and u- and d-quarks (i.e., first-generation leptons with first-generation quarks). In



this search, by looking at dimuon final states, we are sensitive to contact interactions that
couple second-generation leptons with first-generation quarks. The absence of any utpu~
pairs with a mass above 200 GeV/c?, together with our estimated 13% systematic error and
average efficiency of 27%, translates into a 95% C.L. upper limit on the observed integral
cross section of 3.3 pb for the mass range 200-500 GeV/c?. This limit corresponds to lower
bounds on the muon-quark compositeness scales of A7, > 1.6 TeV and Af; > 1.4 TeV
{95% C.L.).
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FIG. 1. The invariant mass distribution for oppositely charged dimuon candidates, com-
pared to Monte Carlo-generated expectations for Standard Model Drell-Yan pairs, normal-
ized to the predicted cross section. There are no events with x+u~ mass above M, - =
155 GeV/c?. The observed high mass event is consistent with the SM prediction of 1.05

events for the mass range 130-200 GeV/c3.
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FIG. 3. The 95% C.L. lower mass limits for the four different Z’' models from the Eg
symmetry group. In each plot the solid curve is the combined ¢(Z’) - By limit, which is
independent of the choice of these models. The dashed curves in figure a) through d) are
a(2'}- By calculated for the four commonly discussed Z’ models, namely Zy, Z,, Z,, and
ZLr [16]. The bands represent the theoretical range allowed by assuming 2’ decay to known
fermions only (upper bound) and all allowed fermions and supersymmetric fermions (lower

bound). The intersections of the solid and dashed curves set the lower mass limit for the

each case,
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